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Abstract. Stratospheric n]casurcmcnts of }120 and C}14 by the.
A[nmphcric  Trace Molcctrlc S p e c t r o s c o p y  (&l’MOS)  I;ouritv
[1 ansform spcclromclcr  on the AI’I .AS-3 Shulllc flight in Novcmhcr
1994  have been examined 10 invcs(igatc the altitude and gcogmphic
va[ i ability of }120 and the quantity H = (}120  -1 20 14) in the tropics
and at n]ict-latitudes (8-49[’N) in the norlhcm hcmisphcrc. ‘1’hc
mcasutcmcnts  inclicalc an average value of 7.18 ~ 0.43 ppmv for
t o t a l  bydrcsgcn H bctwccn a l t i t u d e s  of abcsul 18 to 35 knl,
concsprsndin,g 10 an average water vapor mixing ratio of 3,81 ~ 0.29
ppnw entering the stratosphere. ‘1’hc 1120 vcr[ical distribution in the
tropics cxhitrits a wave-like structure in the 16-25 km altitucle ran:c.
suggestive of seasonal variations in the water vapor transported fro]ll
(I1c ttcrposphcrc to the swatosphcrc. ‘f’hc hygtopausc appears to h
within -2 km of the t] rspcrpausc, with the vcrlical rcsolutirrn limited
try tbc field-of-view of the AI’MOS mcasurcmcnts. I’his i s
consistent with the phase of the seasonal cycle of }120 in the lmvet
s(t akrspbcrc, since the ATMOS observations were rnadc during Ihc
tin]c period when the 1120 content of air injcctcd into the
s[latosphc~c from the troposphere is relative low.

introduction

The stratospheric water vapor distribution is dctcrmincd by a
combination of chmical  and dynamical proccsscs. Chc.mical
p]occsscs involving the oxidation of Cl 14 cnhancc the abundrrncc  ot’
1120, producing approxirnatc]y two molecules of 1120 for cacb
molcculc of C} Id and leading to higbcr } 120 mixing ratios with
altitude. Since }120 is a major source of the rc.active odd hydr(~gcn
spccics, and is considered to bc an important tracer of transpor[ from
the ttoposphcrc to tbc stra[osphcrc, n~c.asurcmcnts  of its stra[osphcric
dis[libution have been cxtcnsivc  and have been carlicd out with a
variety of techniques including gtound-based, and aircraft-, ballmm-,
and satc]litc-borne insh ulncnts (e.g., IIanscn and Robinson, 1994;
Gunson c1 al., 1990; McCcjrmick ct al., 1993; Oltmans and 1 lofmann,
1 995).

I’hc A1’MOS/A’1’1  .AS-3 lirntr v i e w i n g  s o l a r  o c c u l t a t i o n
otsscrvatirsns  of stratospheric tmcc conslilucn(s provide simultaneous
mcasurcnlcnls of 1120 and CYLI distributions over the 8-49°N  and
67-72% latitude ranges during 3-12 November 1994 (Chnson  ct al.,
1996). ‘l’his paper focuses on a portion of the rctrie.vcd data for the
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16-35 km altitude range at northern mid-latitude.s and tropics, We.
test the conservation of cffcctivc total hydrogen ff = (1120 + 2(3 Lr),
clcduce the avclagc 1120 mixing ratio transpor[ccl to the s[ratosphcrc,
and examine plofilcs of #for cvidcncc of seasonal variation of water
vapor entering into the s[ratosphc.rc,

Mrthanc Oxidation and the IIydrogcn  Iluclgd of the
IJomr and Middle Stratosphere

Methane is oxiclizcd  in the stratosphere mainly by rcacticrns with
C)ll and 0(11)) and to a lesser extent Cl, ‘t’he net result of a series of
reactions leads to formation of approximately two molecules of }110
for each molecule of 014:

C114+ 2 0 2 -  ) C02+ 21120 (1)

I n  a(idition to 014  and } 120, }12 is the. only other abundant
hydrogen-containing spccics in the stra[ospbcrc, Availab]c in situ
ballml]-borl]c./rmkei mc.asurcmcnts of molecular hydrogen in the
stratospbcrc  indicate nearly constant mixing ratio with altitude, in
accordance with a near balance bctwc.cn  production by methane
oxidation and loss by oxidation of }12 (c, g,, Ehhalt and I’onnisc.n,
1980; Brasscur and Solomon, 1986). “J’hc primary source of
variability of 1120 in the lower stratosphere is related to changes in
C}14,  owing to diffcrc.nt photolytic  histories of individual air masses.
SinluJtancous obscrvatirms of }IN3 an(J Ctld e n a b l e  LIS to a s s e s s
wbcthcr changes in 11?0 arc rclatccl to oxidation of C} 14 , or some
othct pt occss. In  th is  paper ,  rcccnt A’1’MOS mcasurcmcnts  o f
mixing ratio profiles of }120 ancl CYllin the height range 16 to 35 km
and for a wide. range, of latitudes arc cxatnincd to test our general
unc]crstanding,  of the conservation of f/ atld the hydrogen hudgct of
the lower ancl middle. st!atosphcre.

A correlation plot of }120 vs cl 14 for 47 profiles in the &49”N
latitude range is shown in l’ig. 1 I’hc line rcprcscnts  a linear tit to
the tncasurcn~cnts (CIOSCCI  symbols) over the 18-35 km range (Cl Iq -
0.5-1.5 ppmv) given by

[}120] = (-1 .97 i 0.04) [C114] i 7.18 f 0.04 pptlw (2)

wilt) the uncertainties rcprcscnting  the standard deviation of the
linear rcg[cssion. ‘1’hc systc.rnatic  uncc.rlainty in the nmasu[c.rncnts of
1120 and CYld lead to total unccrtaintic.s of ~ 0.16 and a 0.43 ppmv in
slope and il][erccpt, rcspcctivcly.  I’hc infcr!cd slope al 120/ dC3 It
,- -2  impl ies  that cacb CXlq molcculc is convcr[cd into two
nmlcculcs of J 120, whc.rcas  the intcrccpt 7.18 * 0.43 indicates the.
average total hydrogen # in the 18-35 km region, A prccisc
dctc.rmination of this slope and its deviation from -2 is important
bc.cause of its implication for the distribution of ] 12 in tbc
stratosphere (Atrbas ct al., 1996).

Observe.d mixing ratio of 11? by balloon-borne imstrumcnts
susgcst  a small dcclcasc  with height in the 16-35 km range, varying
f[om -0.55 ppniv at the tfopopause. to -0.5 at 30 km (e.g., ]ihhalt
and Tonnisc.n,  1980). Assuming conservation of # and }12, this
WOLlld  COrl CSpOlld  tO a slope.  i)]I.@/~~]]4 - - 2 . 0 6 . l)csslcr  ct al,
(1994) inferred a value of ~lIzO/dCXIq = -1.94 d 0.2.7 in the lower



stlsrmphcre  from nmasurrmcnts  on the IR-2 aircraft. ‘1’hc rrirctaf(,
balloon-borne, and ATMOS data in the 16-35 km altitude range atc
all consistcot s[atislically  with conservation of H and with a
d~12tt/d~t14 of ‘2. ‘1’hc distribution of #/ with al[itudc i[s
deviation from a constant value in the trppcr stra[osphcrc and the
II~csosphcrc  isdiscLlsscd iIlallothcr  papc.r(Abbasct  al., 1996).

Mcasurcmcntsoffl  byothcr  cxpcrimcntsf orcomparisonarc:
6. Oppnwflo  n]l.l MSandSA  MSdata(Joncsctal,, 1986);  7.030.6
ppnlv at 30 km from the ATMOS cxpcrimc.nt on Spamlab  3 (Gunsoli
ct al. 1990); 7.6* 0.6ppt~~v  frorI~data collected or}thc IlR-2aircrafl
(Dcsslct  CI al., 1994).  It is unlikely that an atrnosphc.ric process
could bc rcsprmsiblc for the Iargc diffctcnccs  in ff observe.d by
A7’MOS anti the combination of I.lMS and SAMS. The Nin~bus7
saic.llitc rncasurcrncnts of # have large  sys temat ic  crtors, a!
discussed by IIanscn and Robinson (1989). A small parl crf the
diffcrcncc bctwccn values of ~mcasurccf  by the present A1’MOS
obscrwrtions and the ATMOS data for April 1985 repor[ccl by
Chlnsonet al. (1990)rllay  bcaccoLllltccl  for bylol~g tcrl~~it~crcasesil\
lljC)arld  [:lld(Oltrl~al~ sar~dllofrl~ar]r~,  1995; WM0,  1995).

lliffcrcnccs  in the dctcrrnination of lf basccl on the present
A’I’MOS  observations and the in situ data repor[cd by Dcsslcr  et al,
(1994) lic within the systematic uncertainties of both SC(S of
mcasurcmcnts,  although the AI’MOS value is ]owc.r by about 0.4
pprnv.  A comparison of .A1’MOS observations of 1120, Ctld, and
NJO with nearly coincident in situ mcasurcmcnts  obtained in the
lower stratosphere duringNov.  1994 shows cxccllcnt  agre.cmcnt fot
each spccics, yielding virhrallyidcntical  values of M (Changct  al.,
1996). lkrr the Nov. 1994 coincidcncc, the only available in situ
n]casurcmcnts  of 1120 and C31d were obtained by the NOAA
l.yman a  hyg[ornctcr a n d  t h e  N O A A  ACATS (Airbmm
Chron~atograp  hforAtn~osphm  icTraceSpccics) gas chromatography,
tcspcctivc.ly. Iksslc.r  et al.’s (1994) estimate of H was based or)
observa[io[ls ofllzOar~d  Ctldfrot]~  thcllarvard 1.y~]~an ~hygromctcl
ancl the A1.IAS (Aircraf( Ixrser lnfrarcd Absorption Spcctromclcr)
instrun~cnt,rcspcctive,ly. During May1993n~casurcn~ cntsof11X)by
the IIarvard hyglomctcr cxcccdcd those c)btaincd by the NOAA
inshumcnl  by- IS%(llintsact al., 1994), aodnwasurcn~cnt  so f(~lld
by Al .lAS were - 1 0 %  lower than nwasurcme.nts by ACX’I’S
(I)csslcr  et al., 1994). Consequently, the lower value of #/ measured
by ATMOS relative to the ia situ determination of Dcsslcr  e.t al.
(1994) may bc primarily duc to systematic differences in the
n~casurcrncnt of 112C), o f fse t  s l ight ly  by  the  diffcrcnccs  i n
obscrwstions of 014.

The value of M is irnpor[ant fc)r assessing the average. mixing
ralio of 112C)  injcctcd from the troposphere into the stratosphc.rc. oUr
estimate. for the. amount of 1120 cntcrirrg the stratosphere is based on
lcmt scluarc fits to AI’MOS n]casurcmcnts of 1120 and Clll collcctcd
over a wide range Of altitudes, ra[hcr than observations at the
tropopaose, to rcducc the sensitivity of our result to seasonal and
episodic variations in 1120. ATMOS obscrvatioos used in the flt
were obtainc.d  in the 18 to 35 km altitude range, rcprcscnting  an
avc.rage. over a period of -18 months, assuming upward vcloeitics of
-7 to 8 km pcr year (SCC  discussion bc]ow). Since tropospheric
methane is WCII mixed and has small scasrrnal variations (- 3%), wc
assun)c a constant mixing ratio of 1.70 ppmv for (2}14 for air cntcrinS
the stratosphc.rc. I’his leads to an avcragccf }120 mixing ratio of
3.8 ] j 0.29 ppn)v for air injcc[cd into the stratosphere.

[’rcvious in situ and sate.llitc csbscrvations of this quantity arc not
in agree.rncnt: Dcsslcr  cl al. (1994) dctcrrnincd a value of 4.2 * ().5
ppnw from Hk-2 data; 1 lanscn and Robinson (1989) rcpor[cd 3.25

pprnv  from 1 JMS/SAhflS data; while Jones ct al, (1 986) rcporicd 2.7
pprnv  from an c.arlicr analysis of the sarnc satellite data. Wc note
again the possibility of large systematic errors that have not been
fully quantified in the 1 JMS/SAMS data (1 Ianscn and Robinson,
1989). ‘1’hc discrepancy bctwccn A’I’h40S and in situ csti mates of
I lzO catering the s[ratosp}mc lies with the systematic unccr[aioty of
both sets of n~casurcmcnts, “1’hc in situ estimate, although based on
rne.asurcrncnts over the 17 to 20 km altitude range, included a wide
range of Cl14n)ixing ratios (0.9 to 1.5 pprn) and should have a minor
sensitivity to seasonal variations in ]120. S ystcrnatic cfi ffcrc.ncc.s
bctwccn n~casurcmc.nts  of 1120 and CX Id obtainc.cl  by ATMOS and the
in situ observations of Dcss]cr ct al. ( 1994) may bc primarily
responsib]c for the oflsct,

Seasonal Variations in Water Vapor

Since the first dctc.ction  by Klcy  C( al. (1 979) of the hygropausc,
a n~inimrrn in the stratospheric water vapor mixing ratio, the natLlrC

ancl nwchanism of its formation have been the subject of active
discussion in the literature. I’hc amount of water vapor entering the
s(ratospherc. may bc inffucnccd by tcmpcraturcs  at the tropopausc
and within’ upper troposphere, With the injection lirnite.d to the
t ropica l  regions ,  the  hygropausc  altituclc was cxpcctcd to bc
coiociclc.nt with the tropopausc at tropical latitudes. Nurncrous
n]casurenmnts  have indicated the hygropausc  to bc loeatcd above the
tropc)pausc by 2 to 3 km (c. g., Russcfl et al,, 1984; Jones ct al.,
1 9 8 6 ;  K e l l y  ct al., 1989,  1993). ~’hc trc)pical tropopausc has a
n~axirnum monthly mean tcn}pcrature in the sumrncr and occurs at a
]owcr a]titudc, atld has a rr~ininmrn  rncan kmpcraturc  in the winter
occurring at a higher allitudc  (c. g., Rcicl and Ciagc, 1981). ‘1’hc
variation in tmpopausc te.mpcrwture  from surnmcr to winter is - 5 K,
with a than.gc in altitude of - 1 km, Several rcccnt rncasurcmcnts at
tropical latitucfcs have provide.d convincing e.vidcncc of seasonal
variations in lower stratospheric water vapor, in phase with changes
in annual tropopause tcrnpcraturcs  (McCornlick, 1993; }Iintsa CL al,,
1994; IWcring ct al., 1995; Mote ct al,, 1995).

I’hc simultaneous ATMOS n~casurcrnents of }120 and Cl 14 rnadc
during the AI’1.AS-3  mission in November 1994  arc examined for a
record of seasonal variations of 1120 entry into the stratosphere. I’he.
vertical profiles of J 120 rc.tricvcd from a single occultation exhibit
periodic. structures of’ t 3-4% arising from random errors in the
retrieval proecss which may bc duc to tangent pressure/altitude
assignments for the limb-viewing gcornctry. I’his structure,
hrswcvc.r,  is ]argcly smoothed out when averaged over a sufticicnt
nurnbcr of occultations. la addition, there arc systematic diffcrcnccs
bctwccn the results obtained from the three different optical
bandpass filters cmployc.d  in the obscrwstions, ‘1’o show this
variabi Iity, wc plot in J~i.g. 2 the profile.s of }120 rctricvcd from data
obtained during 3-12 Novcrnbcr  1994 from three different optical
band-pass fillers,  zonally averaged over: (i) 9 occultations (8-28”N),
with filter 3 in the 1580-3340 cm”] rcgirm (ii) 4 occultations
(9-22’>N),  with filler 4 in the 3150-4800 cn~”l region (iii) 5
Occultations (12-26°N), with filter 9 in the 600-2450 Cair region (iv)
18 occultations (8-28”N) using data from all fi Itcrs. I’hc crlor bars
strewn arc the. cluadraturc sum of the weighted standard deviation of
the mican and systc.rnatic  spc.ctral  errors of ~ 6%. I’hc tropopausc
hcigh( indicated in Fig. 2 (and all subsequent figures) is based on an

analysis of NMC tcrnpcraturc  profi Ics for the rclcvmt  region.
l’hc tropical 1120 profiles exhibit characteristic fvdtures with two

minima occurring at - 16.5 km and 22.5 km, and two maxima at -



.

19.0 km and -26.5 km. 3“hesc features arc suggcslivc of scason~l
valiaticrns in the }120 entry into the stratrrsphe.rc; simultaneous
nmasorcmcnts of profiles of Cl h (not shown) arc relative] y
fcalulc.]css, ctcmonslrating  that the variability in profiles of 1120 does
not originate from oxidation of 014.  Seasonal variations in krwcr
stratospheric 1 l@ have also been observed by SAGIi 11 (Rind et al,,
1993),  llAl,Oli  & MI.S (Mo[c ct al., 1995), and instruments aboard
the 1X-2 aimaft (Ikrcring c1 al., 1995).  A n~i(i-lalituctc average
profile of 1 l@ shown in I:ig. 3 is rclativc]y featureless, with mixing
rrrtio inclcasing  from a minimum of 4.5 pprnv  at the tropopausc to
about 5.6 ppmv at 3S kin, By the time air re.aches tbc mid-latitude
rcgicm from the tropics, seasonal variations in ]120 arc dilulcd,
consiskmt  with the tropical signal largely being ovcrwhcltncd  by
met-idional mixing. IJigurc 4 shows a comparison of the average 1120
profile of }rig. 2 with the rcsolts obtained from near sirnultanc.ous
observations by the I lAI OIL solar occultation c.xpcl-imcnt on LIARS
made during 1-13 Novcmhcr  1994 in the 5“S to 5“N latitude range
( M o t e  c.t al., 1995), a n d  t h e  N O A A  1.yrnan  a hygrcrrnctct
mcasorcmcnts  otrtaincd on }R-2 aircraft on October 29, 1994, from
2.2°S  to 2.2”N (K. Kelly, private communication). Considering the
0.2 km vertical resolution of the P. R-2 n~casurcmc.nts  rc.lativc to the
A’I’MOS  licld-of-view of -1.5 to 2 km, Fig. 4 shows good agree.ment
bctwc.cn  Al’MOS, }lAl ,01},  and in situ mcasurcmcnts  of 1120.

h] view of seasonal variations in the water vapor entry into the.
stlatosphcrc  with a minimum in January ancl maximum in July (e.g.,
Rind  ct al., 1993; Mote ct al., 1995), a C1OSC examination of A1’MOS
profiles of 1120 lc.ads to the following conclusions:

(i) The n~inimum  mixing ratio of 1120 shown in l’igs. 2-4 is
coincident with the tropopausc within the uncertainty of the
f i e l d - o f - v i e w  o f  A’1’MOS (wi th  the  cxccption of fi Itcr 9
ll~c:isllrcl]~ctlts), consistent with the phase of the seasonal cycle, i c..,
decreasing wa[cr vapor cnlty  in November doling the observational
period; a scpardion  of the. hygl opausc frcm~  the tropopausc would bc
cxpcckxi in c)bscrvations obtained af[cr the n~ir~irnum watqr vapor
entry in Janoary/l;cbruary  to the maximum in Jonc/Jlfiy , (ii)
Assuming the local rnaximm in the mixing ratio of 1120 at 19 km
rcplcscnts  the upward transport of air that cntcrcd the stralosphcrc  in
July 1994 and the local n~initnum  at 22.5 km reflects entry in
January 1994, the infcrlccl vcrlical velocity is estimated to bc -7-8
kn]/year (2.4 x 102 cm S-l) near 22 km. This analysis strmgly
suggests that AI’MOS rncasurcrucnts of }120 and Cllt arc consistent
with water vaJ)ot cotry into the stratrrsphcrc in all seasons wilt) a
mininmn~  in the winter (January-I/cbruary) and maximum in the
sununcr (June-Jtrly).

Conclusions

An examination of the sinmltancous mcasurcmcnki of }120 atld
Cl Id made by A1’MOS/Al’l ,AS-3 indicates the near conservation of
total hydrogcm N = (1120 + 2C1 14) below altitudes of about 35 km at
mid-latitudes. ‘1’hc data indicate that air enters the stratrrsphclc with
an  ave.lagc 1120 mix ing  ratio of - 3.81 * 0.29 ppmv. Vcrlical
structure in averaged tropical profiles of 1120 strggcsts seasonal
variations in the mixing ratio of }120 for air entering the
s[i atosphcrc, and an average vckrcity of - 7-8 km /ycrrr in the lower
stmtosphcrc. ‘J’hc hygropausc  is obscrvcct  to bc within - 2 km of tbc.
tl opopausc  at tropical latitudes, and is cxpcctcd to be above the
tlopopausc, only whc.n observed in the Januaryfi:cbruary  to Jtrne./Joly
period, when the 1120 content of the air entering the stratosphmc
rcache.s its scascmal maximum.
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];igure 4. Comparison of the avc[agc profllc of }120  rm icvcd f, on] 18
sunsc[ Occrrl(ations  by  A’1’hlOS in the 8-2S,”N latitude range on Novcmbct
3-12, 1994 (filkt c i r c l e s ) with: NOAA 1,yrnan-a hygrometer
n~casuterncnts (diamonds) OVCI 2[’S-20N lati[udcs rnaclc on [R-2 aircraft on
Oclobcr 29, 1994 (K. Kelly, private co]l]ll]Llnictltiorl);  average of }lAI .O}i
rncasurcmcn(s (rrpcn  c i rc les)  OVCI S[’S-5[’N  lathudcs  made on Novcmtrcr
1-13, 1994 (Mote C( al., 1996).

hll XING  RA’I’1O (pJ)Illv)

]~igurc 2. Average profiles of lI@ in the tropics data obtained by
fillers 3, 4, and 9 separately, and an average of profiles obtained

using all f i l ters f o r  latituclc r a n g e  of 8 to 28”N. ‘ l ’he trcspopausc
height, as dctcrrninccl  from the National Meteorological ~cn(cr, is

indicakd by tbc hori~.ontal line.


